Potato starch is known to have a higher concentration of phosphate than other starches. The presence of phosphate groups in amylopectin results in resistance to digestion by amylase. Therefore, there is a possibility that potato starch is slowly digested, inducing a physiological effect similar to that of resistant starch and indigestible oligosaccharides. The amount of phosphate group in starch differs with potato cultivar. In the present study, we investigated the effects of gelatinized potato starch containing a high level of phosphorus on lipid metabolism in rats. For this purpose, we determined lipid levels in the serum and liver in rats fed two kinds of gelatinized potato starches with different phosphorus contents. Four groups of male Sprague-Dawley rats were fed a 60% sucrose diet (control) or one of three diets containing cornstarch (CS), Benimaru (BM) potato starch or Hokkaikogane (HK) potato starch. Fat pad weight was slightly decreased in the HK diet group compared with that in the other groups. Free fatty acids in serum were significantly lowered by dietary HK starch compared with control, and serum triglyceride in rats fed the HK diet was also decreased. In the BM and HK diet groups, triglyceride levels in the liver were decreased compared with that in the control and CS groups. As for hepatic total cholesterol level, there were no significant differences among three starch diet groups. Fecal bile acid excretion was greater in the two potato starch groups than in the control group. On the other hand, there were no significant differences in cecal short-chain fatty acid content or pH. Thus, we conclude that dietary gelatinized potato starch reduces free fatty acid and triglyceride in serum and hepatic triglyceride, but does not affect cecal fermentation.
INTRODUCTION
Potato is a major global staple crop, and potato and its starch are widely used both as a foodstuff and as a component in processed foods. Raw potato starch is considered to be a class 2 resistant starch [1] [2] [3] . Some investigators have reported that raw potato starch induces decreases in plasma and liver lipids and increases in mineral absorption and cecal fermentation in rats [4] [5] [6] . Further, it has been reported that raw potato starch inhibits the elevation of human plasma glucose and insulin levels after the food intake 7) .
In many processed foods, starch mainly exists in a gelatinized form. Some investigators have reported that the gelatinization or heat-moisture treatment of high amylose cornstarch leads to a decrease in plasma and liver lipids in rats 8, 9) . To date, however, there have been few reports on the beneficial effects of gelatinized potato starch. Unlike raw potato starch, gelatinized potato starch appears to have little physiological effect, because the natural potato T. Kanazawa, M. Atsumi, H. Mineo et al. starch granules are broken down and become readily digestible by gelatinization. In starch, the organically bound phosphate is esterified on the carbon-6-and carbon-3-hydroxyl groups of glucose residues. Takeda et al. have reported that the phosphate residue on the carbon-3hydroxyl group is more resistant than that on the carbon-6-hydroxyl group to the action of porcine pancreatic aamylase in vitro 10) . This observation indicates that the esterified phosphate combined with starch contributes to the inhibition of hydrolysis by a-amylase. It is established that potato starch contains a large amount of phosphorus compared with starch derived from other plants, and that the phosphorus content differs widely among potato cultivars [11] [12] [13] . Therefore, the possibility exists that potato starch containing a high level of phosphorus is digested slowly in the small intestine, inducing a physiological effect similar to that of resistant starch and indigestible oligosaccharides.
In the present study, we investigated the effects of gelatinized potato starch containing high a level of phosphorus on lipid metabolism in rats. For this purpose, two kinds of potato starch (Benimaru and Hokkaikogane) with different phosphorus levels were used. Among potato starches, that derived from Benimaru is classified as containing a midrange level of phosphorus and that from Hokkaikogane is classified as containing a high level of phosphorus 11, 12) . We determined the concentrations of cholesterol and triglyceride in the serum and liver in rats fed the two kinds of gelatinized potato starch. Furthermore, we also examined cecal fermentation and fecal bile acid excretion in rats fed those starches.
MATERIALS AND METHODS

1
The raw potato starches prepared from Benimaru (BM) and Hokkaikogane (HK) were obtained from Jinno Potato Starch Factory Co., Ltd. (Sarabetsu, Japan). The gelatinized potato starches and corn starch were obtained from Matsutani Chemical Industry Co., Ltd. (Itami, Japan). The phosphorus content in corn starch was 100 ppm. The phosphorus content in starches prepared from BM and HK was 564 and 813 ppm, respectively [11] [12] [13] . Furthermore, the resistant starch content of the raw and gelatinized starch was measured using a commercial kit with pancreatin and amyloglucosidase (Megazyme, International Ireland Ltd., Ireland).
2
Twenty-four male Sprague-Dawley rats (6 wk old) were purchased from Japan SLC, Inc. (Hamamatsu, Japan). During the experimental period, rats were housed in individual wire-bottomed stainless steel cages in a room maintained at 23 1 and lighted from 0800 to 2000 h, and had free access to diet and water. The rats were fed a nonpurified diet (CE-2, CLEA Japan, Inc., Tokyo, Japan) for a 7-d acclimatization period prior to the beginning of the experiment. After this period, the rats were divided into 4 groups and fed one of the 4 experimental diets for 5 wk. The compositions of the experimental diets are shown in . The various starch diets were prepared by the substitution of cornstarch or one of two kinds of potato starch for half the volume of sucrose, as a major source of carbohydrate. Body weight and food intake were recorded daily and food efficiency (g/g 5 wk) was calculated by dividing body weight gain (g/5 wk) by food intake (g/5 wk). Blood was col-
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J. Oleo Sci. 57, (6) 335-343 (2008) *The mineral mixture and vitamin mixture were prepared according to the AIN-93G. CS: cornstarch, BM: Benimaru (potato starch), HK: Hokkaikogane (potato starch). lected from the tail vein of 4 hr-fasted rats each week. Serum was obtained from the blood by centrifugation at 8,000 g for 3 min and then used for the analysis of cholesterol using automated clinical chemistry analyzer (FUJI DRI-CHEM 3500V, FUJI FILM Co. Ltd., Tokyo, Japan). Feces were collected for 3 days during the final week. On the final day, rats were anesthetized by intraperitoneal injection of sodium pentobarbital, and blood samples were taken from the abdominal aorta. Serum for lipid and lipoprotein analysis was obtained from the blood samples by centrifugation at 1,580 g for 20 min. After blood sampling, the liver, fat pad and cecum were removed and weighed. The liver and cecum were quickly frozen by liquid nitrogen and stored at -20 until analysis. This experimental design was approved by the Animal Experiment Committee of Fuji Women's University. All animals were maintained in accordance with the Fuji Women's University guidelines for the care and use of laboratory animals.
3
Total cholesterol and triglyceride concentrations in the serum were measured by enzyme assays. For serum lipoprotein profiling, the serum lipoproteins, (Chylomicron, VLDL, LDL and HDL) were first separated by HPLC 14) . Cholesterol and triglyceride levels in the each lipoprotein fraction were then determined by enzymatic assays 14) .
Extraction of lipids from the liver was performed according to method of Folch et al. 15) . Briefly, rat liver samples were freeze-dried and then milled and the liver powder (200 mg) was then homogenized in 10 mL chloroform: methanol (2:1, v/v) using a Polytron homogenizer (PT10-35, KINEMATICA, Switzerland). This homogenate was filtrated and chloroform:methanol (2:1, v/v) was added to a final volume of 20 mL. Four mL of 0.37% KCl solution was added to the homogenate and then the homogenate was shaken. After removal of the aqueous layer, the chloroform layer was washed with chloroform:methanol:distilled water (3:48:47, v/v/v) and then methanol was added to a final volume of 20 mL. The lipid extract (5 mL) was evaporated under nitrogen gas at 50 . The lipid residue was dissolved in 2 mL of 2-propanol and sonicated. The amounts of total cholesterol and triglyceride in the lipid extract were determined with commercial kits (T-CHO Kinos and TG-EN Kinos, respectively; Kinos Laboratories Inc., Tokyo, Japan).
4
Cecal contents were homogenized in 5 volumes of icecold distilled water using a Potter homogenizer on ice. The pH of the homogenate was measured with semiconducting electrode (pH meter F-8L, Horiba, Ltd., Japan). Cecal organic acids (formate, acetate, propionate, isobutyrate, nbutyrate, isovalerate, n-valerate, citrate, malate, succinate and lactate) were measured using a HPLC (LC-10AD VP, Shimadzu, Kyoto, Japan) equipped with a Shim-pack SCR-102H column (8 mm i.d. 30 cm long, Shimadzu) and an electroconductibility detector (CDD-6A, Shimadzu) by the method of Morita et al. 16) . Briefly, ~300 mg of cecal contents were homogenized in 1.7 mL of 10 mmol/L sodium hydroxide solution and then centrifuged at 10,000 g for 15 min. After deproteinization by chloroform, the supernatant obtained was applied to HPLC analysis.
5
For analysis of bile acids in feces, fecal samples were freeze-dried and milled. The powdered feces (1 g) were extracted with 10 mL of ethanol for 20 min and then centrifuged at 1,580 g for 20 min. The supernatant was evaporated under nitrogen gas. The residue was then dissolved in 4 mL of 1.25 mol/L NaOH and treated at 125 for 6 hr. Diethyl ether (4 mL) was added to the sample solution and the sample solution was centrifuged at 1,580 g for 20 min. After removal of the diethylether layer, 3 mL of 2 N HCl and 5 mL of diethyl ether were added to the aqueous layer and the aqueous layer was centrifuged at 1,580 g for 20 min. The diethyl ether layer was then removed and evaporated under nitrogen gas. Methylation of the bile acid fraction was performed using synthesized diazomethane. The residue was dissolved in 1 mL of diethyl ether and then evaporated. The residue was treated in 0.1 mL of synthesized diazomethane solution at room temperature for 1 hr. The solvent was evaporated and then treated in 0.1 mL of pyridine:acetic acid (1:1, v/v) overnight. Chloroform (1 mL) and 1.9 mL of methanol:distilled water (10:9, v/v) were added to this solution and the solution was centrifuged at 1,580 g for 20 min. The chloroform layer was evaporated. The residue was treated 1 mL of tetrachloromethane and then evaporated. The residue was dissolved in 0.1 mL of acetone. Bile acid in the solution was measured using gasliquid chromatography (G-3900, Hitachi Science Systems, Ltd., Japan) 17) .
6
Data are presented as means SEM. Statistical analysis was performed by one-way ANOVA followed by Duncan's multiple range test. Differences between groups were considered significant at P < 0.05.
RESULTS
1
In the present study, we examined the resistant starch content in the potato starch and found that raw potato starches (BM and HK) contained high levels of resistant starch (BM, 79.8 g/100 g dry matter; HK, 82.2 g/100 g dry matter). After gelatinization, however, resistant starch content in the potato starches completely disappeared T. Kanazawa, M. Atsumi, H. Mineo et al.
(BM, not detectable; HK, not detectable).
2
No significant differences were detected in final body weight, body weight gain, food intake or food efficiency in the rats ( ). Organ weights in rats at 5 wk are shown in . The weight of the liver in rats fed the two kinds of gelatinized potato starch (BM and HK) diets for 5 wk was slightly decreased. Fat tissue weight in the BM and HK diet groups were lower than that in the control and CS diet groups. In particular, the weight of the perirenal fat in the HK diet group was significantly decreased compared with that in the CS and BM diet groups. Cecum weight in the BM diet group also was significantly lower than that in control diet group; however, cecum weight was not influenced by the ingestion of the HK diet.
3
shows changes in serum cholesterol concentration during the experimental period. Although there were no significant differences among the groups, serum cholesterol concentration in the HK diet group was lower than that in the other diet groups throughout the experimental period. The cholesterol concentration in the BM diet group was similar to that in the control diet group. The cholesterol level in the CS diet group was also similar to that in the control and BM diet groups at 1 and 2 wk. At 4 and 5 wk, the cholesterol level in the CS diet group was lower than that in the control and BM diet groups. As shown in , the cholesterol concentration in serum obtained from the abdominal aorta at 5 wk was decreased in the HK and CS diet groups compared with that in the control and BM diet groups. Serum triglyceride concentration in the HK diet group was also lower than that in the other three diet groups. Free fatty acid concentration in serum was reduced by the ingestion of the gelatinized potato starch diets (BM and HK) compared to the ingestion of the control and CS diets. In particular, feeding the HK diet significantly reduced the free fatty acid level in serum compared with the feeding of the control or CS diet.
shows the cholesterol and triglyceride concentrations in the chylomicron, VLDL, LDL and HDL fractions separated by HPLC. In the HK diet group, the cholesterol level in chylomicron was statistically lower than that in the control and CS diet groups. There were no significant differences in cholesterol concentration in VLDL, LDL or 338 J. Oleo Sci. 57, (6) 335-343 (2008) CS: cornstarch, BM: Benimaru (potato starch), HK: Hokkaikogane (potato starch). Values are means SEM (n 6). Food efficiency (g/g 5 wk) was calculated by dividing body weight gain by food intake. HDL among the groups. The concentration of triglyceride in HDL was significantly lower in rats fed the HK diet than in rats fed the control diet. In addition, the triglyceride level in VLDL, a triglyceride-rich lipoprotein, was also lower, though not significantly, in the HK diet group than in the other diet groups. These results were consistent with those shown in . Thus, these results indicate that the gelatinized potato starch containing a high level of phosphate esters has a lowering effect on the serum concentrations of cholesterol, triglyceride and free fatty acid.
The amount of total cholesterol in the liver in rats fed the three starch diets were significantly decreased com-pared to that in rats fed the control diet ( ). However, there were no significant differences in hepatic total cholesterol level among the CS, BM and HK diet groups. The hepatic triglyceride level in rats fed either of the two potato starch diets were lower than that in rats fed the control and CS diets (
). This suggests that the gelatinized potato starches have a lowering effect on hepatic triglyceride level but not hepatic cholesterol level.
4
To investigate whether ingestion of the gelatinized potato starch induces cecal fermentation, we determined pH and short-chain fatty acid (SCFA) level in the cecal content of rats fed each experimental diet for 5 wk. With regard to cecal pH, there were no significant differences among diet groups ( ). Furthermore, total SCFA levels in the cecal content were also unchanged in all diet groups ( ). These results indicate that the gelatinized potato starches (HK and BM) do not promote cecal fermentation.
5
To investigate whether feeding the gelatinized potato starch promotes bile acid excretion into the feces, we determined bile acid level in the feces after feeding the experimental diets for 5 wk.
shows the amounts of individual and total bile acid in the feces. Total bile acids and cholic acid contents in the three starch diet groups were higher than those in the control diet group. Elevation of fecal bile acid excretion is involved in the lowering of hepatic cholesterol levels. Thus, dietary starches (CS, BM, and HK) facilitate bile acid excretion into the feces, resulting in decreased hepatic cholesterol levels ( and ). Feeding the BM and HK diets slightly accelerated the excretion of both total bile acid and cholic acid compared with feeding the CS diet. In rats fed the HK diet, the amount of lithocholic acid in the feces was also increased.
However, the amount of hepatic cholesterol was not changed. Thus, the difference between bile acid excretion in the CS diet group and that in gelatinized potato starch diet groups does not correlate with hepatic cholesterol level.
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DISCUSSION
In the present study, we investigated the effects of gelatinized potato starch containing a high level of phosphorus on lipid metabolism in rats. Furthermore, we assessed whether cecal fermentation and fecal bile acid excretion were involved in the lipid-lowering effects of the gelatinized potato starch. For this purpose, we determined the concentrations of lipids in the serum and liver in rats fed two kinds of gelatinized potato starch for 5 wk. shows that the concentration of free fatty acids in rats fed the HK diet was significantly lower than that in rats fed the control diet. Concentration of free fatty acids in serum was highly and negatively correlated with phosphorus content in starch (r = -0.671, n = 18, P<0.01). The serum triglyceride level was the lowest in the HK diet group. In particular, the concentration of triglyceride in HDL was significantly lower in rats fed the HK diet than in rats fed the control diet. The hepatic triglyceride level in rats fed the HK diet was also lower than that in rats fed the control and CS diets. In addition, the weight of the perirenal fat in the HK diet group was significantly decreased compared with that in the CS and BM diet groups. Hepatic triglyceride content and perirenal fat weight were negatively correlated with phosphorus content in starch (r = -0.458, r = -0.445, n=18, P<0.05, respectively). Triglyceride-rich VLDL is synthesized in the liver and then secreted into the blood, where it is transformed into LDL. Furthermore, the triglyceride in VLDL is transferred to HDL by cholesteryl ester transfer protein. Thus, the decreases in triglyceride levels in VLDL, LDL and HDL can be explained by the decline in hepatic triglyceride level. Insulin facilitates the accumulation of triglyceride in the liver and adipose tissue. In addition, lipogenesis in the liver is also accelerated by the incorporation of excess glucose into the liver. In an experiment with wheat starch, Holm et al. reported that plasma glucose and insulin responses are positively correlated to the hydrolysis rate of starch by a-amylase in vitro 18) . Thus, there is a possibility that gelatinized potato starch containing a high level of phosphorus, such as HK, suppresses insulin secretion from the pancreas and glucose uptake into the liver by decreasing glucose absorption from the small intestine, resulting in an inhibition of hepatic triglyceride accumulation. Triglyceride in chylomicron was lowered by feeding HK. Chylomicron plays a role to the transfer of lipids absorbed in the small intestine into the liver. Some water-soluble dietary fibers, such as guar gum, exhibit a highly viscous character in the human gastrointestinal tract 19) . Furthermore, it has been reported that the ingestion of guar gum markedly reduces blood glucose levels and improves insulin sensitivity in STZ diabetic rats 20) , and induces a lipid-lowering effect in cholesterol-fed rats 21) . Phosphorus content in potato starch is positively correlated with viscosity in vitro 11, 13) . As with water-soluble dietary fiber, HK may exhibit high viscosity in the gut, resulting in a reduction in glucose and lipid absorption from the small intestine. Feeding HK, which is a potato starch containing a high level of phosphorus, decreased the cholesterol concentration in serum to the same level as in the CS diet group. On the other hand, the ingestion of BM, which is a potato starch containing midrange level of phosphorus, did not affect serum cholesterol concentration.
shows that although hepatic total cholesterol in rats fed the three types of starch diet were significantly decreased compared to that in rats fed the control diet, there were no significant differences among the three starch diet groups. These results suggest that ingestion of starch can decrease the amount of hepatic cholesterol, independent of the origin of or the amount of phosphorus in the starch. Thus, ingestion of HK but not BM decreased both the serum and hepatic cholesterol levels. Buhman et al. has indicated that dietary fiber leads to the suppression of cholesterol levels via the elevated excretion of bile acids 22) . Some resistant starches also increase bile acid excretion into the feces 8, 23, 24) . In the present study, ingestion of the three starch diets resulted in higher levels of total bile acids and cholic acid in the feces than did ingestion of the control diet. These findings suggest that dietary starches (CS, BM, and HK) promote bile acid excretion, resulting in decreased hepatic cholesterol levels.
Some starches can escape digestion in the small intestine by pancreatic a-amylase and reach the large bowel [1] [2] [3] . These starches are referred to as resistant starch. Resistant starch acts as a substrate for bacteria in the gut and promotes SCFA production [4] [5] [6] . The fermentation by colonic bacteria produces SCFAs such as acetate, propionate and n-butyrate. It has been reported that propionate may be involved in lowering plasma cholesterol concentration in cholesterol-fed rats 25) . Furthermore, elevation of cecal SCFA level by dietary fiber is closely correlated with the decrease in plasma cholesterol level in rats fed a cholesterol-free or cholesterol-added diet [26] [27] [28] . In the present study, we expected that oligosaccharides produced from the potato starch by enzymatic degradation would reach the cecum and induce cecal fermentation. Our experimental results, however, showed that the gelatinized potato starches did not promote cecal fermentation in rats. We observed that the resistant starch content in the potato starches is markedly reduced by gelatinization. This indicates that a large part of the gelatinized potato starch is digested in the small intestine before reaching the cecum.
In conclusion, this study indicates that dietary gelatinized potato starch containing a high level of phosphate reduces free fatty acids and triglyceride in serum and hepatic triglyceride but does not affect cecal fermentation. There is a possibility that the slow digestion of gelatinized potato starch in the small intestine leads to the lipid-lowering effects. Thus, potato starch containing a high level of phosphate is beneficial to lipid metabolism and may be a useful component in processed foods for hyperlipidemic or type II diabetic subjects.
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